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Abstract

The development of a new truck starts at the desk of a construction engineer.
Yesterday’s slide-rules have been replaced by today’s computerised simula-
tions that are used in the process when evaluating control functions as well
as physical components before the truck is produced for real. This puts great
demand on the models representing each component in terms of accuracy and
quality.

The aim of this master thesis, accomplished on behalf of Volvo Powertrain
Corporation, was to increase the knowledge of the function of a single clutch
by setting up an analytical clutch model. Through a theoretical clutch model
it is anticipated that further development of the clutch can be facilitated. The
purpose was to formulate and derive mathematical and physical formulas for
the clutch movement and function.

The modeling process consists of three separate phases. The first one is the
structural phase where it is important to understand the function of the system
to be able to divide it into subsystems. In the second phase variables and
constants are identified and the relationships that combine them are set up.
In the third and last phase the derived model is implemented in a simulation
program where it is tested and evaluated.

The results from simulation tests show that the analytical model behaves as
expected. It is accurate even though several simplifications were needed due
to the complexity of the system. However it may be possible to improve its
accuracy even further if closer studies of for example the clutch disc surface
could be carried out.
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Göteborg, February 2011





Contents

1 Introduction 1

1.1 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Method 3

2.1 A physical modeling process . . . . . . . . . . . . . . . . . . . . 3

2.2 Function of a clutch . . . . . . . . . . . . . . . . . . . . . . . . 3

3 The clutch system - An analytical approach 5

3.1 Structuring the system . . . . . . . . . . . . . . . . . . . . . . . 5

3.2 Part I - Air in and out of the clutch system . . . . . . . . . . . 6

3.2.1 Clutch valve unit . . . . . . . . . . . . . . . . . . . . . . 7

3.2.2 Clutch Concentric Actuator . . . . . . . . . . . . . . . . 10

3.2.3 Gas dynamics . . . . . . . . . . . . . . . . . . . . . . . . 10

3.2.4 Air flow in and out of CCA . . . . . . . . . . . . . . . . 12

3.2.5 Piston movement . . . . . . . . . . . . . . . . . . . . . . 13

3.3 Part II - Force on Clutch plate . . . . . . . . . . . . . . . . . . 14

3.3.1 Diaphragm spring and Clutch plate . . . . . . . . . . . 15

3.4 Part III - Transferred torque . . . . . . . . . . . . . . . . . . . 16

3.4.1 Friction, radius and wear . . . . . . . . . . . . . . . . . 16

3.5 Formulation of the complete model . . . . . . . . . . . . . . . . 17

3.6 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Results 21

ix



4.1 Model behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2 Valve tests in test bench . . . . . . . . . . . . . . . . . . . . . . 22

4.3 In vehicle test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.4 Drive line rig test . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5 Discussion and conclusions 27

5.1 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

5.2 Final conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6 Future work 33

x



1
Introduction

The development of next generation’s heavy vehicle starts in general at the
desk of a constructing engineer. More specifically at hers/his computer. It
is a process stretching over several years which includes hundreds of people.
Each and every one working on their piece in this huge puzzle that later
becomes a truck. At Volvo Powertrain, Gothenburg, the driveline of heavy
vehicles is constructed. In order to predict the performance of the driveline
several simulations are carried out long before the truck is built for real in the
production line. This makes it important to have realistic models that reflect
mechanical components as well as functions.

In recent years, the behaviour and performance of a heavy vehicle is optimized
in a computerized environment through the introduction of complex control
strategies and algorithms. Parameters and software is validated in a simulated
milieu which sets high demand on the models representing different parts such
as the engine, clutch and gearbox. For this specific master thesis the model of
the clutch is subject for further development.

The clutch models that are used at present are based on test results from
empirical studies. The collected data are implemented in the models through
the simple ”black box”-principle, i.e. x goes in and y comes out. These
estimations may imply unnecessary large control error when parameters are
changed. In order to diminish the uncertainty a more accurate model is of
interest. If implemented in a simulation and validated as close enough to
generated test data the model might be a useful tool for further development
of the clutch.

1



2 Chapter 1 Introduction

1.1 Purpose

The overarching purpose of this master thesis is to present an analytical model
that can contribute to a greater understanding of the clutch and its function.
The main reason to why this is found important is that, as an extension, this
knowledge is the essence for facilitation of further development of the clutch.
With an improved clutch model functionality can be tested in a simulated en-
vironment which is far more time efficient and economically sustainable than
if real physical clutch models are used. To specify the purpose further: a
dynamic model of the clutch for heavy vehicles is to be derived in an analyt-
ical manner with a physical approach. It will not include any other control
algorithms or constraints other than what is implied by mechanical, physical
and/or mathematical theory. The input signals to the system are the ones
that control the physical clutch movement. From these in signals the model
treat the dynamic course of events that end with an ingoing torque to the
gearbox. Through simulations the model is tested and evaluated.

When the analytical model is formulated it is built in MATLAB-Simulink. In
order to validate the new model, simulated results are compared to test data
drawn from, for example, in vehicle tests. In an attempt to move away from
the dependence on empirical data the model shall, to the extent it is possible,
rely on mathematical formulas and physical theorems. Due to this the physical
characteristics of the separate components that the clutch consist of needs to
be taken into thorough consideration.



2
Method

2.1 A physical modeling process

The purpose, as stated in Chapter 1 is to formulate an analytical clutch model
that represents the clutch behavior. The method used for the modeling pro-
cess is the one presented by [3] where the three different modeling phases are
identified.

Phase 1 First of all the system is broken down into smaller parts, subsys-
tems, to achieve structure. To be able to decide how this breakdown is most
efficiently done a good understanding of the system is important.

Phase 2 Each block is studied closely and basic formulas that represent re-
lationships between variables and constants are formulated. In order to do so
assumptions and simplifications are not unlikely needed.

Phase 3 The equations formulated previously in phase 2 are structured into
state space models. This phase can be viewed upon as a summary of the whole
system that now is ready to be implemented in a computerized environment
where its behavior and accuracy can be tested. For this thesis work MATLAB-
Simulink is used.

2.2 Function of a clutch

The clutch in a driveline connects engine with gearbox and is thus of essential
importance for the movement of the vehicle, see Figure 2.1. The main functions
of the clutch are:

• transfer torque and movement from engine to transmission

3



4 Chapter 2 Method

Figure 2.1: A simplified figure of the components that make up the clutch. xto is
the throw-out bearing position. When the throw-out bearing is moved
in the direction indicated by the arrow the pressure plate in the other
end of the diaphragm spring will easen its pressure on the friction plates
and so the clutch is desengaged.

• damp torque oscillations from engine

• make it possible to disengage the engine from driveline

The clutch consists of many mechanical components that through controlled
movement operate together. The main function as stated is to disconnect/
connect the flywheel mounted on the engine with the gear box input shaft.
When these two are rotating with the same angular velocity the clutch is
engaged. Different angular velocities on the other hand occur when the clutch
is either completely disengaged or slipping; i.e. when the clutch is somewhere
between engaged and/or disengaged.

A disconnection of the flywheel to the clutch plate is caused by a translational
movement of the throw-out bearing, in Figure 2.1 indicated by the arrow
xto. Due to the diaphragm spring characteristics a movement of the throw-
out bearing in this direction decrease the force acting on the pressure plate.
The throw-out bearing position depends on the air pressure in the Clutch
Concentric Actuator (CCA). The air pressure, in turn, is controlled by in- and
outlet of air through four valves.



3
The clutch system - An

analytical approach

To structure the modeling process of the clutch as well as its function in a
distinct way the problem is divided into subsystems (Section 3.1). Each part
is individually described in detail and the analytical equations and mechanical
relations used in the simulation model are derived (Section 3.2-3.4). These
equations are structured (Section 3.5) and finaly implemented in MATLAB-
Simulink (Section 3.6).

3.1 Structuring the system

In an attempt to concretise the clutch and its function the modeling problem
is divided into three different parts (see Figure 3.1):

Part I - from PWM-signals to throw-out bearing position

What causes the engagement/disengagement of the clutch is the translational

Figure 3.1: How the clutch system is divided and structured into three parts.

5



6 Chapter 3 The clutch system - An analytical approach

movement of the throw-out bearing. This movement in turn is caused by the
airpressure in the CCA, PCCA. The signals that control the opening and clos-
ing of the air valves that let air in or out of the CCA are the PWM-signals.
Also, the valve characteristics are of importance when estimating the correct
magnitude of the air mass flow. Another factor of importance when estimating
the air mass flow is the already mentioned air pressure in the CCA since the
flow will decrease with increasing pressure.

Part II - from throw-out bearing position to force on the clutch plate

For every throw-out bearing position, xto, a force from the compressed di-
aphragm spring is excerted on the bearing, F (x). The output from Part II is
the spring’s corresponding force on the clutch plate, Fcp, from the outer ring.
Fcp is affected by the elastic characteristic in the clutch plate.

Part III - from force on clutch plate to torque on transmission shaft

The force on the clutch plate (Fcp), and henceforth the torque transmitted to
the gearbox shaft (Tgbx), is for example affected by the friction coefficient µ;
the wear of the clutch plate; and the clutch disc inner and outer radius (Ri

and Ro).

3.2 Part I - Air in and out of the clutch system

Inputs:
sd, fd, se, fe: PWM-signals (%)
Output:
xto: throw-out bearing position (mm)
Internal variables:
PCCA: air pressure in CCA (Pa)
ρ: air density in CCA (kg/m3)
VCCA: CCA volume (m3)
ṁin: air mass flow into system (kg/s)
ṁout: air mass flow out of system (kg/s)
mtot: total air mass in CCA (kg)
F(x): force from diaphragm spring (N)
Constants:
Pairtank: feed pressure (Pa)
Patm: atmospheric pressure (Pa)
m0: air mass in CCA from start (kg)
ACCA: piston cross sectional area (m2)
L0: length of CCA from start (m)
ms: mass of moving parts in system i.e. piston, throw-out bearing (kg)
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Figure 3.2: A current i induce a magnetic field that makes the valve move in the
direction indicated by the arrow.

T: air temperature (K), isothermal process is assumed.
R: gas constant for air (m2/K/s2)
As: slow valve cross sectional area (m2)
Af : fast valve cross sectional area (m2)
Ff : friction force in CCA (N)
κ : specific heat ratio (1.4 for air)

3.2.1 Clutch valve unit

An air tank provides the system with air at Pairtank. The four valves that
control the air in- and outlet to the Clutch Concentric Actuator (CCA) are
placed in the Clutch Valve Unit (CVU). This is a moulded metal component
with complex air ducts that lead the air from the air supply tank to the CCA.

A principal sketch of a valve and how it is opened is depicted in Figure 3.2. A
current, i, induces a magnetic field that moves (opens) the valve and enables
air to flow through the opening with diameter Dvalve. The current, i, is either
high or low and controlled by the PWM-signals.

The input to the whole system subject to this study are the signals that control
the air in- and outlet valves; the PWM-signals (Pulse-Width-Modulation).
By opening and closing the four air valves the pressure in the CCA is regu-
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Figure 3.3: Principal scetch of a PWM signal set to 50 %.

lated and, thus the clutch position. A PWM-signal is a percentage figure. The
percentage denotes how much of a given time period that the signal is high.
For example, Figure 3.3 shows a 50 percent PWM-signal. In this application
a high PWM-signal corresponds to an open, while a low signal corresponds to
a closed valve.

There are four different PWM-signals. Two signals are used to disengage
(sd, fd) and the other two to engage (se, fe) the clutch. The subscripts d
and e denote the signal type; d - disengage, e - engage. The other signal
characterisation, namely the velocity of the engagement/disengagement, are
denoted by s and f for slow and fast respectively. What differs the fast signals
from the slow ones are the valves’ physical design.

The ”fast”valves have a larger diameter (3.7 [mm]) than the ”slow”valves (2.7
[mm]) which enables a larger amount of air to pass through the former during
a specific time period. Another characteristic of importance is that each valve
is considered to be either open or closed. In other words you can not open the
valve half way.

However, a specific PWM-signal in the form of a percentage figure, does not
necessarily mean that the valve is fully open during that specific percentage
of time. For example, it needs to be set on a higher value than 15 % to even
open at all, and similarly there is no difference between the amount of air that
flows through a valve set to be open between 80-100 %.

To sum up the valves behave due to two principles that at a first glance
might appear as contradictory: the valves are either fully opened or completely
closed but even so a certain opening time in percentage does not necessarily
mean that the air flowing through the valve correspond to the mathematically
calculated amount of air. Due to this a measurement of the valve behaviour
must be included in the model.

The graph in Figure 3.4 show the difference between the real amount of air
through the slow valve compared to the calculated amount. The measured
flow is from a test performed on a slow valve where the normal litre per min
[Nl/min], denoted Nlmin,slow, was measured for sonic flow at different PWM-
signals i.e. maximum airflow through the valve. By transforming the normal
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Figure 3.4: A graph where the phenomenon that there is a difference between the
real amount of air (ṁreal,slow) compared to the calculated amount
(ṁcalc,slow) that flows through a slow valve (∅ 2.7 [mm]) is visible. The
relation between these two graphs is the compensation factor Ccf ,slow

the model use to include the valve characteristics.
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litre per min to the corresponding massflow per sec [kg/s], denoted ṁreal,slow,
the model use the proportion, denoted Ccf ,slow, between these measured values
for different PWM-signals and the theortically calculated values for different
PWM-signals, denoted ṁcalc,slow, see Eq. 3.1-3.2. By using this proportion as
a compensation factor in the simulation the theoretical calculated mass airflow
is scaled down. This compensation factor is also used for airflow through the
valve when the flow nolonger is sonic since the valve characteristic is assumed
to stay the same. In the absence of measurements for the fast valve this valve is
assumed to be acting like the slow valve, and through the assumption that the
airflow is proportional to the valve area the valve characteristic can be related
to a valve with a different area, see Eq. 3.3. Observe that ṁcalc,slow and
ṁcalc,fast are vectors that contains the different mass flows for the different
PWM-signals ∈ [0; 100] %. The computation of the compensation factors are
carried out in an initializing script why the density ρ is the density of the air
in the CCA from the beginning.

ṁreal,slow = Nlmin,slow
ρ2RT 20.001

Patm273.15 · 60
(3.1)

Ccf ,slow =
ṁreal,slow

ṁcalc
(3.2)

ṁcalc,fast =
ṁcalc,slowAfast

Aslow
(3.3)

3.2.2 Clutch Concentric Actuator

The Clutch Concentric Actuator is the compartment/space that is either filled
or emptied with air. The increasing or decreasing air pressure in the CCA
determines whether the throw-out bearing will move in either positive or neg-
ative x-direction, see Figure 3.6. For example, during a movement in positive
x-direction, a disengagement movement, the force exerted on the throw-out
bearing from the built up air pressure is larger than the sum of all forces work-
ing in the opposite direction. The largest force to overcome is the nonlinear
force from the diaphragm spring.

3.2.3 Gas dynamics

As mentioned above the air in- and outlet is controlled by the valves in the
Clutch Valve Unit (CVU). Since the driving force behind the movement of air
in and out of the CCA is pressure difference between the, through the valves,
combined air containing components (air supply tank, CCA, surroundings)
this pressure difference needs to be taken into consideration. According to
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Figure 3.5: The simplification of the system from an air flow piont of view.

[5] a pressure ratio of only 2:1 will cause the air flow to be sonic. As a
consequense gas dynamics is of great importance for the analytical model.
However, compressible flow theory is not trivial why analysis of this kind
rarely end with a nice and neat algebraic equation.

To derive the equations for the throw-out bearing position the following as-
sumptions are made:

• adiabatic flow conditions

• no impact from the kinetic energy due to flow movement

• the air is treated as an ideal gas

A simplification of the air flow system geometrically is to consider the valves
to be the only thing that separates:

(A) the Air supply tank and the CCA (disengage)

(B) the CCA and the surrounding (engage)

This assumption is schematically depicted in Figure 3.5, where the nominal
pressure in the Air supply tank and the atmospheric pressure surrounding the
system is marked out. PCCA will change as the valves are opened and closed.

In reality the different air compartments are combined through ducts with
complex geometry. To set up an analytical model specific for these ducts
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may be possible to some extent, but due to the same geometry there is a
significant uncertainty for this type of analytical calculations [5]. For example
the pressure loss caused by a 90◦ turn may vary between .3 to 1.4. In order
to make realistic assumptions one may need to set up a test bench and study
the air flow closely, but even so the difference from the simplified geometric
approach used in this model may not be noticeable due to the much larger
diameter in the ducts (10 mm) compared to the valve diameters (2.7 and 3.7
mm). It is thus reasonable to assume the CCA compartment to start on the
other side of the valve as is shown in Figure 3.5. Even as the pressure is
built up and the air flow eventually stops being sonic, this is still presumed to
be a sound assumption since the duct volume is small compared to the CCA
volume.

The last assumption for the equations including air flow is that the pressure in
the CCA is immediately and simultaneously changed within the whole com-
partment as (i) air goes in or out and (ii) as the volume is changed when the
piston moves. In reality the air density is probably higher at certain pionts in
the CCA, for example close to the air inlet, and suddenly lowered close to the
piston as it moves and increase the volume. However, the pressure differences
are most likely very small in context to the whole pressure change and the
assumption is thus considered to be motivated.

3.2.4 Air flow in and out of CCA

Since the same theory is applicable for outlet of air, the same equations are
used. However it is important to keep track on how the subscripts suddenly
denote different pressures, see Table 3.1. A is the cross sectional valve area
(different if slow or fast valve), R is the universal gas constant and T the
temperature.

Pairtank PCCA Patm

Disengage p2 p1 -
Engage - p2 p1

Table 3.1: How the subscripts in Eq 3.4-3.6 swich meaning depending on whether
it is a disengaging or engaging movement.

Due to the large pressure differences that for the most part is present the air
will start to flow as soon as any of the valves are opened. As long as the
pressure difference is large enough, i.e. as long as the condition in Eq. 3.4 is
true, the air flow will be choked which means it will flow through the valve
with the maximum air flow calculated with Eq. 3.5 [5].
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Figure 3.6: Movement x causing clutch disengagement.

p1
p2

<

(
2

κ+ 1

)κ/(κ−1)
≈ 0.53 (3.4)

ṁmax =
√
κ

(
2

(κ+ 1)

)(1/2)(κ+1)/(κ−1) p2A√
RT

(3.5)

When the air flow ceases being sonic, the air mass flow can be calculated with
Eq. 3.6. It will eventually stop when both chambers have reached the same
pressure.

ṁ =
p2A√
RT

√√√√ 2κ

κ− 1

(
p1
p2

)2/κ
[

1−
(
p1
p2

)κ−1
κ

]
(3.6)

3.2.5 Piston movement

As seen in Figure 3.6, the movement causing a disengagement of the engine
from the transmission is caused by movement x that in turn is caused by an
increasing pressure P inside the CCA. As a starting point Newtons second
law is set up for the sum of forces that act on the piston, Eq. 3.7. ms in
the equation is the mass of the parts that are moved i.e. the piston and the
throw-out bearing. The different forces that are identified are the following
(Eq. 3.8): the force caused by PCCA - FCCA, the force from the diaphragm
spring - F (x), the friction force caused by the friction between the edges of the
piston and the cylinder wall - Ff and the force caused by the atmospheric air
pressure from the surroundings - Fatm. The damping force, Fd, that always is
present in one way or the other as soon as a spring is involved is not included
in the model since nothing at all is known of this force. It is merely included
in Eq. 3.8 to point out its probable existance.

The mass of the system, ms, is merely guessed to be 4 [kg]. Also, little is
known of the friction force exerted on the piston in the CCA. The maximum
friction is 700 [N], and since this is the only known fact this value is used.
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∑
F = msa = msẍ (3.7)

∑
F = FCCA − F (x)− Ff − Fatm(−Fd) (3.8)

FCCA is the driving force caused by the built up pressure, PCCA in the CCA.
When modeling the pressure the perfect gas law is used, but instead of a fixed
density, ρ, the density is dynamic due to the compression of air why it needs
to be calculated in each time instant. In order to do so the total air mass in
the cylinder has to be known as well as the total volume.

FCCA = PCCAACCA (3.9)

PCCA = ρRT =
mtot

VCCA
RT (3.10)

mtot = m0 +

t∫
0

(ṁin − ṁout) dt (3.11)

V = LA = (L0 + x)ACCA (3.12)

Combining these equations (Eq. 3.10-3.9) gives the final expression for FCCA,
Eq. 3.13.

FCCA = (m0 +

t∫
0

(ṁin − ṁout) dt)
RT

(L0 + x)
(3.13)

3.3 Part II - Force on Clutch plate

Inputs:
xto: throw-out bearing position (mm)
Output:
Fcp: force on clutch plate from diaphragm spring (N)
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Figure 3.7: Diaphragm finger spring and clutch disk spring.

3.3.1 Diaphragm spring and Clutch plate

The spring with the greatest importance in the clutch is the diaphragm spring,
see Figure 3.7. It can be wieved upon as a combination of an outer disk spring
(right) and separate leaf springs (left). Leaf springs have a linear characteristic,
while the outer solid disk spring behaves differently. It can be compared to an
umbrella that in hard wind suddenly flips over.

When the throw-out bearing press against the fingers and force them in a
certain direction the disk spring will suddenly flip and thus disconnect the
clutch. The clutch plate itself, called the flat spring, also has an elastic effect
in order to soften up the dis-/engage process to prevent unnecessarily large
wear of the clutch. It is well known that the clutch age with usage. What
really happens is that the diaphragm spring gets worn out; imagine an old
umbrella that has lost its stiffness.

Due to the springs nonlinear characteristic it is included in the model through
measured data provided by the supplier of the diaphragm spring. In figure
3.8 both the force F (x) acting on the throw-out bearing and the force on the
clutch plate Fcp is plotted. Logically Fcp decreases as F (x) increases and vice
versa. If the flat spring in the clutch plate would be excluded the F (x) graph
has a sharper ”knee”before it bends off horisontally, and thus the transition
from disengaged to engaged clutch occur more abruptly. It is also clear that
the diaphragm spring is affected by hysteresis. However the model is built in a
simplified manner excluding this fact only using the upper plotted data. This
means that the diaphragm spring in the model is acting as if the position xto
always is reached after a movement in positive x-direction.
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Figure 3.8: F (x) and Fcp .

Fcp = Fcp(x) (3.14)

3.4 Part III - Transferred torque

Inputs:
Fcp: force on clutch plate from diaphragm spring (N)
Output:
Tgbx: transmitted torque to gear box input shaft (Nm)
Constants:
Ri: inner radius of clutch plate (m)
Ro: outer radius of clutch plate (m)
µ: friction coefficient, clutch plate

3.4.1 Friction, radius and wear

As stated above in section 3.1 there are several parameters and characteristics
that effect how much torque that is transmitted to the gearbox. In Part III
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the friction coefficient on the clutch plate surface, the wear of the clutch and
the inner and outer radius are identified parameters of importance. For this
model the fact that the clutch in principal works the same as disc breaks
are exploited. Equations from [4] are incorporated and give the maximum
transferrable torque to the gearbox.

Two outputs are provided by the model, one for a new (Eq. 3.15) and the
other for a run in clutch plate (Eq. 3.16). The constants used are chosen
according to the hardware component owner at Volvo Powertrain. The friction
coefficient, µ, on clutch plate surface may vary between [.27-.47]. Value used
for the validation test is .3. The magnitudes of inner and outer clutch plate
radius are set to 260 and 430 [mm] respectively.

Tgbx =
2µ(R3

o −R3
i )

3(R2
o −R2

i )
Fcp (3.15)

Tgbx = µFcp
Ro +Ri

2
(3.16)

3.5 Formulation of the complete model

In the above sections all physical and mathematical relations that are needed
for a clutch model are derived. Here follows a summary of all the equations
that will give a better overview of the whole system. A sketch of the com-
plete system and how it is put together can be seen in Figure 3.9. Specifically
observe how the compensation factors Ccf ,fast and Ccf ,slow for the valve car-
acteristics are included in Eq. 3.21 and Eq. 3.23.

Equations for Part I:

msẍ = FCCA(mtot, x)− F (x)− Ff − Fatm (3.17)

FCCA(mtot, x) =
mtotRT

L0 + x
(3.18)

mtot = m0 +

t∫
0

(ṁin,tot − ṁout,tot) dt (3.19)

ṁin =


√
κ
(

2
(κ+1)

)(1/2)(κ+1)/(κ−1)
PairtankA√

RT
;if PCCA

Pairtank
/ 0.5283

PCCAA√
RT

√
2κ
κ−1

(
Pairtank
PCCA

)2/κ [
1−

(
Pairtank
PCCA

)κ−1
κ

]
;else

(3.20)
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Figure 3.9: A flow chart that show how the clutch system in theory is put together,
first analythically and later in Simulink.

ṁin,tot = ṁin(sd) ·Ccf ,slow(sd) + ṁin(fd) ·Ccf ,fast(fd) (3.21)

ṁout =


√
κ
(

2
(κ+1)

)(1/2)(κ+1)/(κ−1)
PCCAA√

RT
;if Patm

PCCA
/ 0.5283

PatmA√
RT

√
2κ
κ−1

(
PCCA
Patm

)2/κ [
1−

(
PCCA
Patm

)κ−1
κ

]
;else

(3.22)

ṁout,tot = ṁout(se) ·Ccf ,slow(se) + ṁout(fe) ·Ccf ,fast(fe) (3.23)

PCCA = ρRT =
mtot

VCCA
RT (3.24)

VCCA = (L0 + x)ACCA (3.25)

Equations for Part II:

Fcp = Fcp(x) (3.26)

Equations for Part III:
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Figure 3.10: The simulation core.

Tgbx = Tgbx(Fcp) =

{
2µ(R3

o−R3
i )

3(R2
o−R2

i )
Fcp ;new clutch plate

µFcp
Ro+Ri

2 ;old clutch plate
(3.27)

3.6 Simulation Model

The analytical model derived above is implemented in MATLAB-Simulink. In
fact, the analytical model has been revised throughout the process according
to stated method, [3]. Figure 3.9 is an attempt to illustrate how the model
fundamentally is constructed. Figure 3.10-3.12 is simply screen shots of how
the schematic flow chart in Figure 3.9 is transformed to MATLAB-Simulink.
An initializing MATLAB script sets all parameters of interest and this is also
where it is possible to change parameters subject to study. The diaphragm
spring data as well as the flat spring data is incorporated in the model through
look-up tables.
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Figure 3.11: Subsystem where the amount of air that goes out of the CCA is calcu-
lated depending on the PWM-signals that control the disengage valves.

Figure 3.12: Subsystem where the translational movement xto is calculated, as well
as the total length of the CCA. The length is crusial to calculate the
CCA-volume which is needed in order to decide the air density.



4
Results

To verify the quality of an analytically formulated physical model the impor-
tance of real data is given [3]. There are three different sets of accessible
data:

1. Valve tests. Two tests carried out during 2007 in test bench, where
disengagement time was measured as the two disengagement valves were
given a 100 % PWM-signal. The test shows how long time that elapsed
from activation until the CCA had traveled 13 mm. Pressure difference:
8 [Bar].

2. Disengagement and engagement time at different PWM-signals. Test in
vehicle where signals were logged (2011-01-26), and results later analyzed
in Matlab. Truck placed in a garage, thus T ≈ 20◦ C. Pressure difference:
7 [Bar].

3. Test data from a drive line rig with torque sensor mounted on gearbox
shaft.

The model contains several parameters of different importance to the simula-
tion result. Some of them are possible to assign more or less certain values
to (e.g. Pairtank, ACCA, As, Af ) while others are simply estimated (e.g. ms,
Ff , µ). This may of course affect the outcome. But before the comparisions
with data starts it is suitable to verify that the simulation model behaves as
expected.

21
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Figure 4.1: Simulation model behaviour due to PWM-signals. As xto increases the
pressure PCCA increases and vice versa.

4.1 Model behavior

The test to illuminate the mere model function is simply a disengaegment
PWM-signal (sd(100%)) followed by an engagement PWM-signal (se(100%)).
The graphs in Figure 4.1-4.2 shows the throw-out bearing position xto; the
CCA pressure and; the torque transferred to the gearbox from the same test
setup.

Figure 4.3 illustrates how the amount of air that flows into the system depends
on the pressure difference between air supply tank and the built up pressure
in CCA. During this test sequence the disengaging PWM-signal sd were held
at a constant 100% throughout the test.

4.2 Valve tests in test bench

There are two sets of test results available from valve component tests. One
is from a test with the objective to compare the performance of two different
types of valves [2] but with the same cross sectional area. The other test was
performed in order to see the difference, if any, in disengagement time with
reduced amount of copper in the CVU coils [1]. There are a slight difference
in the results from the tests why the shortest and longest measured elapsed
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Figure 4.2: The torque transferred due to movement xto. (Simulation)

Figure 4.3: Air flow and pressure during constant sd PWM-signal at 100%. (Simu-
lation)
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time periods are accounted for in Table 4.1. The results from the simulated
model are shown in the same table.

Table 4.1: Valve test in test bench, T @ ≈ 20◦C, P 8 Bar, travel 13 mm.

Valve t[s], test bench t[s], sim.model diff. (min-max)

sd 0.47-0.52 0.52-0.53 0-0.06
fd 0.31-0.35 0.29 0.02-0.06
sd and fd 0.23-0.28 0.18 0.05-0.1

4.3 In vehicle test

The test took place in January 2011 at AB Volvo, Lundby. A computer was
hooked up to the Transmission Electrical Control Unit - the TECU. Through
the computer it is possible to control, among others, the PWM-signals, while
logging for example the throw out bearing position, xto. When the disengaging
PWM-signals are given a value the clutch will do a full disengagement move-
ment, that is ≈18[mm]. In reality the movement is never more than 13[mm],
during a shift for example, since a full disengagement is particularly harmful
to the clutch. In a non mannered situation this only occurs during a so called
limp-home situation. That is in the case of problem or break down when the
driver must be certain that the gear box really is detached from the engine.
Back to the test set up. Several different percentage figures were tested for
both engage and disengage movement. The same figures were later run in the
simulation model. See Table 4.2 and 4.3 for the results. It is important that
the simulation test is set up accordingly as the vehicle test. Due to the lack of
a pressure sensor in the CCA the disengagement valves were held open during
a long enough time period that could ensure that the CCA-pressure reached
the same level as the feed pressure, in this case 8 [Bar].

Table 4.2: In vehicle test, T @ ≈ 20◦C, P 8[Bar], travel ≈18[mm].

Valve PWM-% Diseng. t[s], vehicle Diseng. t[s], sim.model

sd 100 1.0 0.6
sd 90 1.0 0.6
sd 70 1.1 0.75
sd 40 1.7 1.35
sd 30 2.7 2.0

fd 100 0.7 0.32
fd 90 0.7 0.32
fd 70 0.9 0.4
fd 40 1.6 0.7
fd 30 3.0 1.0
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Figure 4.4: Test results from a drive line test rig where the torque on the gear box
input shaft is ploted.

4.4 Drive line rig test

The test was carried out in June 2010 in one of the test rigs at AB Volvo,
Lundby, see Figure 4.4. Even if the results are difficult to relate to the model
at present concerning the shape of the plot, it is at least possible to see that
the magnitude of the torque transferred during this test to the gear box input
shaft was about 2500 [Nm].

Table 4.3: In vehicle test, T @ ≈ 20◦C, travel ≈18[mm].

Valve PWM-% Eng. t[s], vehicle Eng. t[s], sim.model
P in CCA ≈8[Bar] P in CCA 8[Bar]

se 100 3.1 2.1
se 60 3.8 3
se 40 5.3 4.4
se 20 - -

fe 100 1.9 1.3
fe 60 2.35 1.7
fe 40 3.55 2.44
fe 20 No movement -
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5
Discussion and conclusions

The results presented in chapter 4 will now be analysed and discussed.

Let’s start with the results in section 4.1. The model appears to behave as
somewhat expected. The throw-out bearing position, xto, increases as sd is
high, i.e. the slow disengagement valve is open and letting air into the system
(Figure 4.1). Slowly at first and then, as the CCA-pressure is built up, the
contrary forces from friction and spring are overwon. The pressure rises as
the air mass in the CCA increases even if the CCA-volume also increases with
the axial movement. One can also observe what happens when the sd valve
is shut. xto continues to increase even as no air is flowing into the system,
while the CCA-pressure decreases. This may be explained by the fact that
the movement xto is ongoing when the addition of air is suddenly turned off.
The density of the air in the CCA is recalculated and thus, the pressure will
decrease. When the se valve now is opened the air will start to flow out of
the CCA. The air-flow is from the beginning sonic, but slows down as the
pressure in the CCA decrease. The returning movement, -xto, will however
linger a while due to the continuously lower air density. The torque transferred
to the gear box shaft is calculated under two different assumptions. The first
one is that the lamelles are new, and the other is that they are worn in, Figure
4.2. The torque decreases with increasing xto and increases as xto returns to
initial position.

As already mentioned,the data available from experimental tests are important
to the validation process. When comparing the results from test runs, both
experimental and simulated, the aim is naturally to obtain a small difference,
figure 5.1 [3]. However, ”small” is a word representing a quantity of unknown
dimension that for different models can be of different magnitude.

The first part of the model as stated in 3.1 is from PWM-signal to xto.
In order to see how the model corresponds to reality both the results from the
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Figure 5.1: An illustration of what [3] entitle as a validity test.

valve tests in test bench (Section 4.2) and the in vehicle test (Section 4.3) are
used. The valve test results presented in Table 4.1 are considered satisfactory.
There is a slight difference between the test results and the simulation results,
but to end up with the exact same result is not particularily realistic due to
all the assuptions made in order to set up the analytical model for the air flow.
However, one should be observing that the simulated results differs from the
test results in oposite ways. The simulated time measured for sd is slightly
larger than the time measured in the experiment, while the simulated time for
a fd signal is slightly less than the time in the experiment.

The difference in measured elapse time for the case when both valves are
opened is also larger. This may have to do with the Clutch Valve Unit design.
The model does not take into account for example that the pressure in the
CVU ducts may effect the air flow, nor any turbulence. Here one must be
aware of the fact that in reality this is a situation with compressible flow
and naturally assumptions that make it possible to derive algebraic equations
may affect the end result. Even if the nonlinear valve characteristics that is
described in 3.2.1 is included in the model this might not be enough in case
the flow through one valve is effected by weather the other valve is held open
as well.

Other sources of error may be that the temperature is not known for certain.
The test experiment were carried out in a test bench placed indoors why the
temperature in the model were estimated to 20◦C. This would not effect the
outcome very much, but is still worth mentioning.

In the in vehicle test different PWM-percentages were tested. When comparing
the disengagement time for the slow valve, sd, from the in vehicle test and
the simulation model there is a clear difference, Table 4.2. The difference
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in time also appears to increase as the PWM-signal percentage is decreased.
An interesting observation when comparing the test results is however that
the disengagement time is longer for the fd(30%) signal than for sd(30%).
The expected test result, in theory, is naturally the oposite since a larger
valve diameter implies more air flow and thus a shorter disengagement time.
The results from the disengagement test indicates the same thing; even if the
recording of the se(20%) test was unsuccessful, it did cause a movement of the
clutch, however when fe(20%) was tested nothing happened. An explanation
to this behaviour could be that the assumption presented in section 3.2.1, that
the valve characteristics for the fast valve is the same as the slow valve, may
be wrong. Therefore it might be necessary to perform the same tests on the
fast valve (∅ 3.7 [mm]) where one measures the airflow vs. PWM-percentage,
as presented for the slow valve in Figure 3.4.

When comparing the disengagement results in Table 4.3 one can conclude
that they may not be good enough but at least they are in the correct order
of magnitude. With the detected possible behavioral difference between the
slow and fast valves taken into account the result may supposedly be better
with fast valve characteristics certified and included.

The results from the in vehicle test can also be used to conduct another veri-
fication, namely the results from the valve tests in the test bench. As it turns
out the time it takes for the CCA movement to reach 13[mm] in the in vehicle
test is longer than the bench mark test imply. For sd(100%) it takes 0.75 [s]
compared to the valve test bench result 0.47-0.52 [s]. For a similar compar-
ison the fd(100%) needs 0.52 [s] compared to 0.31-0.35 [s] in the valve test
bench. This may indicate that the valves’ movement pattern or the behavior
of the system as a whole is different than when each component is individually
tested. It is however known that the real truck needs three sample periods to
react compared to none in the test bench and simulation. One sample period
is 20 ms which would diminish the difference with 0.06 s. Even so there is a
substantional difference between the test results.

Through Part II and III, the predicted end station for this thesis, the torque
transferred to the gear box input shaft, is reached. It is important to ob-
serve that the graph in Figure 4.2 show the maximum transferrable torque in
comparision to Figure 4.4 that show results from a test where the in reality
transferred torque was measured. Due to this there is naturally a difference in
torque magnitude in the figures. However, some improvements of the model
could be beneficial. For example, no energy losses are included such as heat
generation while the clutch pad slips during an engagement process.

Figure 4.2 shows the simulated results from both a new and a worn in lamell.
There is a slight difference between the magnitude of the transferred torque,
but since other simplifications and assumptions present in the model may have
a larger impact on the result the uncertainty in the outcome may indicate that
it won’t matter which analytical model one chooses. Therefore, if the clutch
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wear is to be studied with the model this might not be the proper way to
include it.

5.1 Uncertainties

Quantities present in the model that are not known for certain are e.g.:

• The mass ms in equation 3.7 describing the xto-movement is unknown.

• The friction coefficient fo the lamell may vary in the interval [.27-.47].

• The characteristic of the friction force in the CCA.

Another significant source of error in the comparision between the model and,
for example, the in vehicle test results is that there is limited knowledge of
if the diaphragm spring and CCA are exactly the same as the modeled ones
in the simulation. This would of course effect the outcome and a comparision
between the results would not be realistic.

5.2 Final conclusions

To begin with, the model behaves conceptually as expected. An inlet of air
ṁin causes a translational movement xto that in turn causes a interruption of
torque transfer to the gear box, and vice versa. The simulated translational
movement xto caused by air inlet through the sd-valve corresponds fairly well
to test results. However, air inlet through the fast valve needs further in-
vestigation. The same tests conducted on the slow valve to see the valve
characteristics would be beneficial to have for the fast valve as well.
The magnitude of the transferred torque is hard to analyse with the existing
data. More tests with the purpose to study the torque on the gearbox input
shaft would be necessary to decide wether the model need more development
before an implementation.

The question that has arisen is: Is it beneficial to replace the empirical models
that are used in the transmission function tests at present? The for this thesis
developed analytical model aimed at the exclusion of as much measured data
as possible; however there are certain components that are too complex in
its function to apply a mathematical expression. For example, the nonlinear
diaphragm spring is included in the model through measurement data. On
the other hand, it is far more simple to generate test data from one or two
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components (the diaphragm spring, the valve caracteristics) in comparasion
to a complete clutch concept why the usage of the analytical model can be
emphasized as beneficial.

All in all, the most important benefit that the thesis contributes to might be
the enlarged apprehension of the clutch funtion in theory. For even though
the theory does not obtain exact applicable results for function simulations at
this state, it might do so in an extended version in the future.
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6
Future work

In case it is found beneficial enough to continue to strive towards a pure
analytical clutch model, further model development and test generation is
necessary. If it turns out that an update through test data specific for fast valve
characteristics is enough to obtain more realistic air in and outlet behaviour
through the fast valve, main focus should be the investigation of what goes on
at the clutch disk. That is, to examine what force is excerted on the lamell
from the diaphragm spring, and how much of that force is really transferred
to the lamell. This may require some sort of test setup where tests can be
performed during close observations and little disturbances.

When a model is obtained that behaves satisfactory it will off course need to be
discretised. This was included in the scope for this thesis from the beginning
but has not been prioritized. It appeared far more important to end up with
a model that behaved as realistically as possible.
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